The effects of silica sand of 50-180 µm, 180-355 µm and 355-500 µm on friction performance and grit embedment at brake disc and pad interface was investigated. Results showed that present of external hard particles caused higher friction coefficient due to higher number of smaller particles involved in mixing and changing the effective contact, while good friction stability was attributed to smaller grit particles and compacted wear debris. Grit embedment was greatly dependent on presence of compacted wear debris as most grits were embedded into compacted wear debris with embedment of 0.8% was observed for 50-180 µm, 2% for 180-355 µm and 3% for 355-500 µm.
1.0 INTRODUCTION
The friction behavior during braking is not a fully understood problem. This is due to the nature of the brake contact surfaces which is covered and hidden between the pad and the disc during the braking operation. The requirement for the brake coefficient of friction (CoF) is that it should be relatively high and most importantly to be stable, i.e. it should remain stable irrespective of temperature, humidity, age of the pads, degree of wear and corrosion, the presence of dirt and water spray from the road [1] . Thus, brake frictional materials are designed to provide stable frictional performance over a wide range of vehicle operating conditions and also to exhibit acceptable durability. Despite the fact that brakes operate under a variety of environmental conditions, many laboratory brake material tests are conducted under dry conditions and only few studies included the dusty or wet braking conditions. The studies of braking under different environments, e.g. the presence of hard particles, are limited in the tribological literature.
The operation of automotive disc brake can be linked to the presence of hard particle derived from the environment [2] . The open design and position of the disc brake close to the road can influence the tribological characteristics of the friction interface due to operating factors. Factors such as humidity and the presence of hard particles in the air can influence the tribological processes and indirectly affect the braking effectiveness. These difficult to control factors, i.e. hard particles and water, are often present and may represent potentially serious tribological problems during braking operation.
In automotive braking, the abrasion at the friction interface is generally caused by the abrasive and hard particles that are included in the composition of the brake pad. These particles are used to control the level of friction force and to remove friction films forming at the sliding interface [3, 4] . When the brake is applied, the contact between cast iron disc and soft polymer matrix of brake pad produce wear particles. The wear particles move homogeneously through the contact zone until the abrasive particle adheres to the disc surface and get into the contact zone [5] . However, dirt and particle from environment also may contribute to the abrasion process at the brake interface where both modes of abrasive wear, i.e. two and three body, can be present. Few of the external hard particles tend to embed into the pad material while some particles together with other contaminants may form a lubricating film but eventually they are expelled from the contact. Therefore, the modes of abrasion often change from two body to three body mode or vice versa during braking operation [6] .
During braking, the effect of two-body abrasion tends to be a dominating mechanism while the effect of three-body abrasion is rather small. According to Axen et al. [7] the prerequisite for the two to three body abrasion transition to take place is that the hard particles are sufficiently strong to resist the shearing forces. If the hard particles are crushed then no wear by micro-cutting can take place. Therefore, the abrasion modes and transition between the two and three abrasion modes are important in determining the friction and wear performance of the braking system and they depend on the factors such as particle size, shape volume percent, lubricity and particle-matrix bonding strength [8] [9] [10] [11] . Also, the transfer film formed will mediate the interaction between the mating surfaces and change the tribological characteristics at the sliding interface significantly [12] . The transfer film is usually assumed to have compositional mix of both friction materials from the tribological couple and it can also consists of the tribooxidation products [13] . Products such as iron oxides, barium sulphate, copper oxide, copper sulphide, and carbonaceous products were identified after braking [14 ,15] . The transfer films are highly dependent on the braking conditions and the composition of the brake material [16] . The transfer film or third body layers that develop can differ in composition from both mating parts of the tribological couple.
In this work the effect of hard particles from environment, i.e. the silica sand, on the frictional characteristics of braking system and particle embedment was studied. Three different size ranges of silica sand, i.e. between 50-180 µm, 180-355 µm and 355-500 µm, were used. The experiments were carried out on vertically oriented brake test rig at different sliding speeds and applied contact pressures in order to compare the changes in friction coefficient, the fluctuation of frictional force and to evaluate the particle embedment. Analysis of the fluctuation amplitude of friction coefficient was carried out to find the relationship between particle embedment, sliding speed and applied load.
2.0 EXPERIMENTAL METHODS

Test Rig
Special test rig was developed for the purpose of this study, i.e. to conduct the drag and stop mode sliding friction tests under controlled braking conditions. A schematic diagram and the picture of the test rig are shown in Figure 1 . The test rig consists of a 1 h.p., three-phase, variable speed induction motor (from Baldor) driving a grey cast iron disc mounted vertically on the shaft. Delta Electronics high performance VF-D series AC motor drive is used to control the speed of the induction motor. The brake pad is attached to a solid cylinder steel and applied to the rotating disc at the 3 o'clock position. A grit particle feeder tube is attached to the hopper to direct the hard particles to the gap between the brake pad and the disc. A manually controlled valve is used to regulate the amount of hard particles delivered to the contact. The brake disc specimen is shielded by a transparent cover to avoid splashing of the grit particles during the experiments. 
Specimen Materials and Testing Procedures
The contact geometry used during experiments was a flat pad on a flat rotating disc. The pad was a square-faced specimen (12.7x12.7 mm 2 ) cut out from a commercial car disc brake pad. Total thickness of the specimen including the backing plate is approximately 9 mm. The brake disc diameter is 160 mm and is 10 mm thick. The disc is machined from a grey cast iron plate and is non-ventilated type. The radial distance from the center of the pad specimen to the center of the turning disc was 63.65 mm. The surface roughness of the discs (Ra), was measured with a Talysurf profilometer. The microstructure of a typical cross-section of the pad material was analyzed using optical microscope. The microstructure of the pad material being the mixture of shiny metallic constituents of steel fiber, barium sulphate and nonmetallic particles of silicon oxide within a polymeric binder of phenolic resin as shown in Figure 2 was identified using optical microscopy and EDS. The grey cast iron disc material contains of graphite flakes suggesting a typical cast dendritic microstructure [17] . 
Grit particles were supplied to the gap through the small feeder tube at the rate of 2.5 gm/s. The gap between the disc and pad specimen was about 1.0 mm. The running-in of the pad specimen was carried out for five minutes using a constant braking pressure of 0.6 MPa for surface adjustment of the contact areas. Sieving for different particle size range was carried out using the Endecotts sieves. Silica sand particles were sieved for 15 minutes into three size ranges of 50-180 µm, 180-355 µm and 355-500 µm. A series of short duration drag mode tests at four different sliding speeds of 4 m/s, 8 m/s, 10 m/s and 12 m/s at constant pressure of 0.6 MPa and 0.8 MPa were used to evaluate the hard particles size effects on the change of friction coefficient and particle embedment. Change of CoF values is related to the consistency of friction force at sliding interface and is also known as the friction stability. The term friction stability describes the consistency of friction force at different speeds and applied pressure. Therefore it can be used as brake stability indicator since to have good friction stability means to maintain the same level of friction force at different braking condition. Stop mode test was also carried out at constant pressure of 1.0 MPa. The detailed test procedures are given in Table 1 . Evaluation of the grit particle embedment was conducted using SEM and optical microscopy to study correlations with different sliding speeds, applied pressures and particle grit sizes. Test data was collected using the Agilent U2300A Series USB multifunction data acquisition system. Parameters such as sliding speed, pad normal force, friction force, and instantaneous friction coefficient were recorded during each test. A data sampling rate of 120 Hz was used for all the experiments. Test data was then analyzed and displayed using MATLAB.
3.0 RESULTS AND DISCUSSION
Effect of Particle Size on Friction Coefficients (CoF)
During drag mode experiments, the effects of grit particle on the friction coefficient (CoF) were analyzed and compared to the case where no grit particle was present. Silica sand at a rate of 2.5 gram/s was delivered to the brake gap and short duration braking of 10 second [s] was applied three times for every test to measure the changes of CoF occurring. Results obtained showed that the presence of grit particles from environment can influence the friction response significantly. Once the particles enter the gap, the value and amplitude of friction coefficient tend to change with the speed and load applied. The changes of CoF measured at four sliding speeds during the drag test at constant pressure of 0.6 MPa and 0.8 MPa without and with the grit particles of 50-180 µm are shown in Figure 3(a) and (b) .
The grit particles tend to lower the CoF for both pressures, but specifically at the lower sliding speed. At 0. It can be seen from these figures that at low and medium speeds, the larger particle size groups tend to lower the CoF values. The presence of hard particles is assumed to reduce the effective contact area as they themselves become the main contact plateau when they enter the sliding contact as schematically illustrated in Figure 6 . The abrupt changes of CoF at the beginning of braking are related to formation and growth of the contact plateaus. The CoF values change as these contact plateaus that form the effective contact area change. Increase in effective contact area results in a higher friction force and this also depends on the compositions of the brake pad and the sliding conditions [18, 19] . Presence of the external grit particles at the brake interface also results in more generation of wear debris and growth of the compacted wear debris areas. However, this is influenced by the disc sliding speed, brake pressure applied, size and shape of the grit particles. Smaller particles most likely pass through the pad cavities, sometimes accumulate in the cavities increasing the effective contact area before leaving the brake gap. However, larger particles might increase the brake gap especially if they are trapped between the contact of hard material (metal fiber on the pad surface) and metal (grey cast iron disc). Also, presence of highly angular grit particles would result in a generation of fine wear debris.
Drag test results at higher disc sliding speeds are shown in Figures 7 and 8 . The CoF values were higher compared to those obtained at low and medium speeds. However, the CoF values were reduced only for 355-500 µm particles while the CoF values for 180-355 µm and 50-180 µm were increased. The difference in particle grit size has started to significantly affect the CoF values at higher sliding speeds. The increase in CoF values for the smaller particle size range is attributed to their active role in the mixing and changing of effective contact area. Some smaller particles filled the cavities on the pad specimen resulting in a rapid growth of the effective contact area contributing to the generation of secondary contact plateaus. Secondary plateaus composed of compacted wear debris were reported by Eriksson et al. [19] . Bigger particles formed primary contact plateaus themselves and did not participate in the formation of secondary contact plateaus [8] . The embedment of hard particles, as shown in Figure 10(a) , resulted in the disc abrasive wear and the generation of wear particles. These grits contributed to the 2 nd body abrasion and enhanced the damage to the disc [20] as shown in Figure 10(b) . Some of the wear debris generated was probably assisting the formation of friction film. The CoF values for drag tests at the contact pressure of 0.6 MPa are shown in Table 2 . 
Effect of Hard Particle Grit Size on Friction Coefficient Oscillation Amplitude
The friction oscillation amplitude results with and without the presence of hard particle, are shown in Figure 11 . Without hard grits, the CoF oscillation amplitude is largest at low sliding speeds especially at the beginning of the braking operation as shown in Figure 11 (a). But towards the end of braking CoF oscillation amplitude is larger at higher speeds. For particle size of 355-500 µm, Figure 11 (b), the CoF oscillation amplitudes were reduced for almost all the cases especially at the end of braking. More wear debris was also observed on the brake pad when grit particles were present as shown in Figure 12(b)-(d) . However, smaller hard particles tend to produce larger numbers of smaller wear debris compared to larger grits. Thus the presence of grit particle has significant effect on the friction oscillation as more wear debris are generated forming frictional film on the braking interface [21] .
The friction oscillation amplitude with 180-355 µm particles present is largest at low sliding speed becoming gradually reduced at medium and higher speeds as shown in Figure 11 (c). For smaller grits of 50-180 µm, friction oscillation amplitude values were reduced for all cases especially at high sliding speed as shown in Figure 11(d) . This is due to the grit particle size effect providing more stable contact at higher speeds by building up the effective contact area at sliding interface. 
Effect of Sliding Speed, Applied Pressure and Grit Particle on Particle Embedment
Particle embedment into the pad surfaces was analyzed to find the correlation between the particle embedment and grit size at different sliding speeds and applied pressures. The particle grit size effect on the grit embedment was investigated using SEM and optical microscopes. Few reports on grit embedment are reported [22, 23] however, little has been published on the embedment of grit particle into the brake pads. In material embedment and abrasion, factors such as particle shape, size and hardness affect the level of grit embedment. The percentage of particle embedment of silica sand of 180-355 µm as a function of speed and applied pressure is shown in Table 3 . Four sliding speeds of 4 m/s, 8 m/s, 10 m/s and 12 m/s at constant pressures of 0.6 MPa, 0.8 MPa for drag mode and 1.0 MPa for stop mode were used. At low pressures and speeds, the percentage of embedded particles is higher than at low pressure but higher speeds. At the contact pressure of 0.8 MPa, the same pattern was observed i.e. higher percentage of grit embedment at low and medium speeds than at higher speeds. The particle embedment at contact pressure of 1.0 MPa shows different pattern with low speed tends to have lowest percentage of grit embedment compared to higher speeds. From the results obtained, it can be seen that speed and load significantly influence the level of grit embedment. At lower speed, the percentage of grit embedment is higher due to larger number of compacted wear debris assisting the embedment. However, as the speed increases, the percentage of grit embedment is slightly reduced as more wear debris was ejected and less compacted wear debris was present.
In an attempt to better understand the mechanisms of grit embedment, worn surfaces of the brake pads were examined in SEM. The size of the embedded particles was measured to check whether grit fragmentation has occurred and how deep was the embedment. Grit particles that were partially or half embedded below the surface of the brake pad are shown in Figure 13 .
However, no fully embedment grits was found at 0.6 MPa and 0.8 MPa for all the speeds. Most of the embedded grits were scattered in the size range of 180 to 350 µm. No fragmentation of grits occurred as particle below the original size range could not be found. This is due to low applied pressure. At the contact pressure of 1.0 MPa, few fully embedded grits were observed and most of the grit particles were embedded next to the compacted wear debris. The example of fully embedded grit particle covered by compacted wear debris at 1.0 MPa is shown in Figure 14 . Most of the embedded grit particles observed was in the size range of 50 to 350 µm. A few particles smaller, than the original particle grit size range, were found suggesting some particle fragmentation has occurred. The fragmented particles were more angular, i.e. they were more easily embedded into the pad surface. These results show that high applied pressure may results in particle fragmentation and full embedment.
When investigating the particle grit size effect on the particle embedment, slight increase in percentage of particle embedment was observed when particles in the range of 355-500 µm were used. Larger particles tend to cover maximum of 3% of the pad area compared to 2% and 0.8% with smaller particles. No fully embedded particle was found during SEM examination for larger particles but partially embedded grits were observed in all the size ranges. Few smaller particles were fully embedded into the cavities on the pad and many more were embedded next to the compacted wear debris. Difference in grit embedment is probably due their different angularity. Smaller particles are more angular but the angularity effect on the grit embedment would need to be thoroughly investigated. 
4.0 CONCLUSION
The particle grit size effect on frictional performance of disc brake was investigated using a specially developed brake test rig. Three different size range of silica sand grits of 50-180 µm, 180-355 µm and 355-500 µm were used during the test. The changes of friction coefficient, the fluctuation of frictional force and the particle embedment were investigated during the drag mode braking application. Experimental results showed that:
 The presence of hard particles has significant effect on reducing CoF values especially at lower sliding speeds.
 The values of CoF increase with smaller hard particle grit size due to their active role in building up the effective contact areas/plateaus.  The particle size effect influences the sensitivity of the CoF oscillation amplitude at higher speeds by providing more stable contact with smaller particles actively involved in building up and reducing the rate of changes of the effective contact area.
 GE was greatly dependent on presence of compacted wear debris as most grits were found embedded into compacted wear debris.
